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Introduction
Apoptosis is the process of programmed cell death that occurs in multi-cellular organisms. It plays a critical role in regulating cell growth, development, and clearing the redundant cells. Apoptosis could result in cardiomyocyte loss during acute myocardial infarction, and subsequent cardiac remodeling events [1] . Cardiomyocytes are terminally differentiated with little potential for division. One strategy to salvage ischemic cardiomyocytes is improving cell survival without disturbing normal cardiac function [2] .
Oxidative stress has been implicated in the pathogenesis of many cardiovascular diseases such as ischemic heart disease and heart failure [3, 4] . Excess oxidative stress such as ROS results in DNA damage as well as damage to proteins and lipids, thereby promoting cell death, senescence or aging [5] . Increased ROS is reported to be associated with the dysfunction of myocardial contractility and cardiomyocyte death. It is also a major contributing factor to apoptotic cell death during cardiac ischemia/reperfusion injury and in congestive heart failure [6] .
SIRT proteins (sirtuins) are a highly evolutionarily conserved family of NAD-dependent deacetylases [7] . To date, seven SIRT subtypes (SIRT 1-7) have been identified in the mammalian cells. Of them, three sirtuins, SIRT3, SIRT4 and SIRT5, are found to be located in mitochondria [8] . SIRT3 plays a pro-apoptotic role in both Bcl2-53-and JNK-regulated apoptosis. Cells lacking SIRT3 show decreased stress-induced apoptosis, lending further support for a pro-apoptotic role for SIRT3 [9, 10] . SIRT5 can regulate the expression of carbamoyl phosphate synthetase (CPS1), which is required for removing ammonia generated by amino acid catabolism. SIRT5 binds and deacetylates CPS1, stimulating its enzymatic activity. Mice lacking SIRT5 have elevated ammonia levels after a prolonged fast. Additionally, mice overexpressing SIRT5 show increased CPS1 activity. SIRT5 coordinates the detoxification of hepatic by-products of amino acid catabolism by activating the urea cycle [11, 12] . Given the physiological role of SIRT5 in metabolic regulation, we hypothesized that SIRT5 may play a critical role in regulating cell viability in cardiomyocytes due to its high abundance in mitochondria in response to oxidative stress.
Here, we used H 2 O 2 to create oxidative stress condition to induce cardiomyocyte apoptosis in vitro. We provide the evidences that SIRT5 protects cardiomyocyte from H 2 O 2 -induced apoptosis through up-regulating Bcl-Xl expression, suggesting that the physiological and pharmacological regulation of SIRT5 expression may play a critical role in cardioprotective during ischemia/reperfusion injury.
Materials and Methods

Cell culture and transfection
H9c2 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% calf serum. For transient transfection, H9c2 cells were transfected in 100-mm plates with by using lipofectamine 2000 (Invitrogen) according to manufacturer's instructions.
Isolation of neonatal rat cardiomyocyte
All procedures for animals were approved by the Animal Ethics and Experimentation Committee of Tongji University (Shanghai, China) and were performed in accordance with the Guide for the Care and the Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). One-day-old Sprague-Dawley rats were anaesthetized by inhalation of 2% isoflurane (99.9% from Vedco, St Joseph, MO, USA). The hearts of the neonatal rats were rapidly excised with sharp scissors and then washed with ice-cold PBS to remove blood and debris. After removing the connective tissue, blood vessels and the atria, the ventricles were rapidly minced and incubated in a PBS solution containing trypsin (0.2%), collagenase (0.15%) and glucose (0.03%) for 20 min. The myocardial cells were then isolated by repeat pipetting of the digested myocardial tissue. The cells in the supernatant were transferred into a tube containing culture medium. The tube was centrifuged at 1,000 g for 10 min at room temperature, and the cell pellet was re-suspended in the culture medium. Isolated cells were purified by pre-plating for 40 min to reduce the number of non-myocytes. Bromodeoxyuridine was also added to prevent the growth of fibroblasts. Cardiomyocyte purity was approximately 95% as assessed by microscopic observation of cell beating. Western blot experiments were done after treatment and sample collection. Cell lysate was fractionated by SDS-10% polyacrylamide gel electrophoresis and transferred to PVDF membranes (Amersham). After blocking with recommended blocking reagents for 1 h at room temperature, the membranes were incubated overnight at 4°C with different antibodies. The membranes were incubated with 1:2000-1:10000 secondary antibodies conjugated with HRP for 1 h at room temperature after washing for 10 minutes 3 times. Signals were detected by using the Amersham ECL chemiluminescence system.
Analysis of cell viability
The 3-(4, 5-dimethylthiazal-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) assay was used to estimate cell viability [13] . Briefly, cells were plated at a density of 1x10 4 cells per well in 96-well plates. After exposure to specific treatment, the cells were incubated with MTT at a final concentration of 0.5 mg/ml for 3 h at 37°C. After removal of the medium, 100mM DMSO solutions were added to dissolve the formazan crystals. The absorbance at 570 nm wavelength was detected using a microplate reader (Synergy 4 Hybrid Multi-Mode; BioTek Instruments).
Detection of apoptosis percentage and caspase 3/7 activity
Apoptosis was induced by H 2 O 2 treatment. Cells were stained with DAPI and apoptotic nuclei were counted under a fluorescence microscope (300 cells were counted for each experiment). Caspase 3/7 activity was assayed by Promega kit according to the manufacturer's protocol [14, 15] . Caspase-Glo 3/7 Reagent (Promega) was added to all wells in a 1:1 ratio following manufacturer's instructions. After 10 min on a plate shaker at room temperature, 90% of the lysate volume was transferred to a 96-well solid-white plate. Cell lysates were analyzed with an Analyst HT microplate reader (Molecular Devices), and data points were blank subtracted. Assays were performed in triplicate and are reported as mean ± S.E.M..
Statistical analysis
Each experiment was repeated at least three times. The quantitative analysis of Western images was performed using ImageQuant (GE Healthcare). The Statistical significance was determined by the Student's t-test. Differences between groups were considered statistically significant if P < 0.05.
Result
SIRT5 expression is down-regulated during oxidative stress-induced apoptosis in H9c2 cells
To determine whether SIRT5 expression is altered in response to oxidative stress, H9c2 cells were exposed to H 2 O 2 (10, 50, or 100 µM) for 12 h. The result shows that the administration of H 2 O 2 up to 50 µM results in a statistically significant decrease in SIRT5 expression. Reductions in SIRT5 expression up to 7.6% (P > 0.05), 52.33% (P < 0.05), and 58.2% (P < 0.05) were detected in the 10, 50, and 100 µM H 2 O 2 groups, respectively (Fig. 1A) . In addition, H9c2 cells were administrated with H 2 O 2 at a dose of 50 µM for different times. The result indicates that H 2 O 2 could not lead to a significant increase in SIRT5 expression for the first 5 h, but decreased SIRT5 expression could be detected after 10 h or 20 h H 2 O 2 treatment (Fig. 1B) . Taken together, these results suggest that oxidative stress could lead to a reduction in SIRT5 expression in a dose-and time-dependent manner.
Effect of SIRT5 level on the survival of H9c2 cells and neonatal rat cardiomyocytes upon oxidative stress
To investigate the role of SIRT5 in cellular apoptosis, H9c2 cells were transfected with SIRT5 siRNA to suppress SIRT5 expression. As shown in Fig. 2A , SIRT5 siRNA but not scramble siRNA transfection resulted in a marked decrease in SIRT5 expression level. By contrast, SIRT5 siRNA transfection did not alter the expression of SIRT3 level. Compared with the untreated group, SIRT5 knockdown results in a significant decrease in the cell viability upon oxidative stress (Fig. 2B) . To determine whether SIRT5 knockdown results in the reduction in cell viability by promoting cell apoptosis, nuclear staining and caspase-3/7 activity assay was conducted to detect the change in H9c2 cell apoptosis upon H 2 O 2 stress. DAPI staining indicates that the apoptotic cell number significantly increased after H 2 O 2 treatment, and the effect was further increased by SIRT5 suppression (Fig. 2C) . Similarly, H 2 O 2 treatment dramatically increased caspase-3/7 activity in SIRT5-silencing group, higher than that in control group (Fig. 2D) . By contrast, SIRT5 overexpression group has an opposite trend.
To further verify the role of H9c2 cell apoptosis, we employed the pharmacological inhibitor, GW5074, to regulate SIRT5 activity. The result shows that the pharmacological intervention of SIRT5 activity has a similar effect as the molecular intervention of SIRT5 level (Fig. 2B-D) . Similarly, the neonatal rat cardiomyocytes were transfected SIRT5 vectors to regulate SIRT5 expression levels. The result also revealed that compared with the wild-type group, SIRT5 knockdown results in a significant decrease in the cell viability, and a marked increase in apoptotic cell numbers and caspase-3/7 activity (Fig.2 E-G) . Taken together, these results suggest that SIRT5 plays an important role in the regulation of oxidative stressinduced apoptosis.
SIRT5 overexpression increases Bcl-Xl expression during oxidative stress-induced apoptosis
It is well-known that Bcl-2 family proteins have either pro-or anti-apoptotic activities. They are involved in the execution of apoptosis [16, 17] . We predicted that SIRT5 may regulate Bcl-2 family expression, which in turn affect the development of cell apoptosis. h, or 24 h. The untreated cells were used as the control group. The cell viability was determined using MTT assay kit (B and E). The nuclei were stained with DAPI, and apoptotic nuclei were counted under a fluorescence microscope (300 cells were counted for each experiment) (C and F). The activity of caspase 3/7 was determined using caspase 3/7 assay kit (Promega) as described in "Materials and methods" section (D and G). Results are expressed as means ± S.E.M. of three independent experiments. Each sample was analyzed in triplicate (P< 0.05). Asterisk (*) indicates a significant difference compared with the untreated group. 
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expression, while the reduction in Bcl-Xl expression could be partially reversed by SIRT5 overexpression but not vector overexpression. By contrast, the level of SIRT5 expression had no effect on the expression of Bax, Bcl-2, or Bad upon H 2 O 2 stress (Fig. 3) . Taken together, these evidences suggest that SIRT5 prevents H 2 O 2 -induced cellular apoptosis through the up-regulation of Bcl-Xl expression.
SIRT5/Bcl-Xl interaction is required for the regulation of oxidative stress-induced apoptosis
To corroborate that SIRT5/Bcl-Xl interaction is a critical for H 2 O 2 -induced apoptosis in H9c2 cells, we compared the sensitivity of wild-type and Bcl-Xl deficiency cells to H 2 O 2 -induced cellular apoptosis. The result indicates that H 2 O 2 treatment results in a significant reduction in cell viability, and a significant increase in apoptotic cell number and caspase-3/7 activity (Fig. 4 A-C) . SIRT5 overexpression could partially reverse H 2 O 2 -induced cellular apoptosis in H9c2 cells. In Bcl-Xl-silencing group, H 2 O 2 treatment also results in an obvious decrease in cell viability and a significant increase in H9c2 cell apoptosis. However, SIRT5 overexpression could not reverse apoptosis development in Bcl-Xl deficiency cells (Fig. 4  A-C) .
To verify whether Bcl-Xl is a direct target of SIRT5, we transected Bcl-Xl and SIRT5 into H9c2 cells for 24 h. We found that SIRT5 could be immunoprecipitated by Bcl-Xl but not Bak (Fig. 4D) . Moreover, we detected an endogenous association between Bcl-Xl and SIRT5 in H9c2 cells (Fig. 4E) . Taken together, these results reveal that SIRT5 is a direct target of Bcl-Xl.
Discussion
Mitochondria play important roles in a variety of biological events, including energy production, calcium buffering and apoptosis regulation. During apoptosis, mitochondria act at the core of the apoptotic pathway by providing many important factors including those that induce caspase activation and chromosome fragmentation. Mitochondria are involved in the production of reactive oxygen species through one-electron carriers in the respiratory chain, particularly in highly metabolically active organs such as the brain and heart [18, 19] . Thus, these are definitely many proteins existed in mitochondria that are tightly involved in the development of apoptosis. Here, we found that SIRT5, a protein located at the mitochondria, can protect cardiomyocytes from oxidative stress-induced apoptosis in vivo. Fig. 3 . SIRT5 regulates Bcl-Xl expression during oxidative stress-induced apoptosis. H9c2 cell apoptosis was transfected with SIRT5, vector or left untreated for 24 h, and the apoptosis was induced by the treatment with H 2 O 2 (50 μM) for 24 h. The untreated cells were used as the control group. Western blots were conducted to determine the levels of Bax, Bcl-2, Bad, and Bcl-Xl expressions. GAPDH expression was used as the loading control. Shown is a representative image.
as gene silencing, DNA repair, rDNA recombination and ageing in model organisms. Of them, SIRT3-5 are found to be located at the mitochondria. SIRT3 plays a pro-apoptotic role in both Bcl2-p53-and JNK-regulated apoptosis. Cells lacking SIRT3 show decreased stress-induced apoptosis, lending further support for a pro-apoptotic role for SIRT3. In conflicting studies, SIRT3 has been shown to be anti-apoptotic. In the cellular response to DNA damage when mitochondrial NAD + levels fall below critical levels, SIRT3 and SIRT4 display anti-apoptotic activity, protecting cells from death [21, 22, 23] . Thus, it is crucial to elucidate the balance achieved by sirtuins between stress resistance (anti-apoptosis) and tumor suppression (pro-apoptosis) [24] . Here, we reveal an anti-apoptosis role of SIRT5 in oxidative stressinduced apoptosis in cardiomyocytes. Prior study has suggested that SIRT5 can deacetylate cytochrome c, a protein of the mitochondrial intermembrane space with a central function in oxidative metabolism, as well as apoptosis [25] , imply a potential role in the regulation of apoptosis. Our study provides the direct evidence that SIRT5 can directly regulate the apoptosis development in cardiomyocytes.
To reveal the role of SIRT5 in cardiomyocytes apoptosis, we used the methods of molecular and pharmacological intervention to regulate SIRT5 activity. We found that any change in SIRT5 expression or its activity is directly associated with the development of H9c2 cell apoptosis. Sirtuins are NAD + consuming protein deacylases involved in many cellular processes from DNA-repair to metabolism. Their contribution to age-related and metabolic diseases makes them attractive pharmaceutical targets. However, to date, few specific pharmacological inhibitors have been reported yet for human SIRT5. Suenkel et al. (2013) recently reported that the indole GW5074 is a potent inhibitor for SIRT5's desuccinylation activity, identifying a first pharmacological scaffold for development into SIRT5-specific inhibitor [26] . Previous studies also reported that GW5074 could inhibits SIRT2 deacetylation activity with a potency comparable to SIRT (reduction to less than 60% activity with 12.5 μM GW5074) [27, 28] . Although Gw5074 is not a specific inhibitor of SIRT5 deacetylation, its treatment also partially inhibits the SIRT5 deacetylation, providing an indirect evidence that the deacetylation activity of SIRT5 is involved in the apoptosis development of cardiomyocytes.
The anti-apoptotic members such as Bcl-2 and Bcl-Xl are important in cell survival and protect cardiomyocytes against various stressors [29] . For instance, overexpression of BclXl in H9c2 cardiac cells protected against doxorubicin-and hypoxia-mediated apoptosis by preserving mitochondrial integrity [30] . Bcl-2 can prevent p53-mediated apoptosis in cardiac myocytes [31] . Transgenic mice overexpressing Bcl-2 in the heart have reduced I/R injury and fewer apoptotic cells compared to wild type mice, suggesting that the cardioprotective effect of Bcl-2 is via inhibition of the mitochondrial death pathway [32, 33, 34] . These studies suggest that the anti-apoptotic proteins can protect against cell death via multiple mechanisms and have attractive therapeutic potential to treat or prevent heart disease. We found that SIRT5 can directly regulate the level of Bcl-Xl during oxidative stressinduced apoptosis. The role of SIRT5 in regulating apoptosis is found to be disappeared in Bcl-Xl deficiency cell. Thus, we assume that the role of SIRT5 in apoptosis is mainly mediated by the regulation of Bcl-Xl level, and SIRT5 may become an attractive therapeutic target to treat or prevent heart disease.
Mitochondria are the primary ATP provider via the conversion of food fuels to usable energy. The heart is highly rich in mitochondria, and has a continuous requirement for energy in the form of ATP. Compelling evidence for a link between the decline in mitochondrial energy transduction and mechanical dysfunction in heart failure (HF) has been found in animal models and in patients with genetic mitochondrial diseases or acquired cardiomyopathies [35, 36] . SIRT5 is an important protein located into the mitochondria. It is involved in the regulation of metabolism. Any change in SIRT5 activity may affect the maintenance of energy homeostasis such as energy intake, storage, and expenditure, which in turn results in the occurrence of cardiac diseases [11, 12] . However, to date, there are still no report about the role of SIRT5 in cardiac diseases. We checked the data for SIRT5 on GEO profiles in regards to cardiac diseases. We found that SIRT5 expression is significantly reduced both
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry during isoproterenol-induced cardiomyopathy and exercise-induced cardiac hypertrophy, providing an evidence that SIRT5 is involved in the pathogenesis of cardiac diseases [37] . Thus, SIRT5 may become as a potential target to prevent or treat cardiac diseases. In summary, this study reveals that SIRT5 is a critical mediator of H 2 O 2 -induced cell apoptosis in cardiomyocytes. SIRT5 knockdown results in a marked reduction in cell viability, and an increase in apoptotic cells number and caspase 3/7 activity. SIRT5 can alter the level of Bcl-Xl expression, thereby changing the development of cardiomyocytes apoptosis. Our study will serve as a start toward deeper understanding of the role of SIRT5 in cardiac diseases. Future studies are required to investigate the correlations between SIRT5 level and the occurrence of cardiac diseases and in vivo functional studies on the effect of SIRT5 on various pathologic pathways of cardiac diseases.
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